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A B S T R A C T

Ozonation (OZ) is an important advanced oxidation process to purify water and wastewater. Because of the
lower solubility and instability of ozone (O3), selective oxidation and dependence on pH value, the industrial
applications of OZ have been hindered by the following disadvantages: incomplete removal of pollutants, lower
mineralization efficiency and the formation of toxic by-products. Meanwhile, OZ seems to have higher pro-
cessing costs than other technologies. To improve the treatment efficiency and O3 utilization, several combined
processes, such as H2O2/O3, UV/O3, and Cavitation/O3, have been explored, while the combined method of
ultrasonication (US) with OZ is a promising treatment technology with a complex physicochemical mechanism.
In US alone, the sonolysis of water molecules can produce more powerful unselective oxidant hydroxyl radicals
(%OH), and directly cause the sonochemical pyrolysis of volatile pollutants. In US/OZ, US can promote the mass
transfer of O3, and also drive the chemical conversion of O3 to enhance the formation of %OH. Various layouts of
US/OZ devices and the interactive effects of US/OZ (synergism or antagonism) on the degradation of various
organics are illustrated in this review. The main factors, including US frequency, pH value, and radical sca-
vengers, significantly affect the mass transfer and decomposition of O3, the formation of %OH and H2O2, the
degradation rates of organics and the removal efficiencies of COD and TOC (mineralization). As a result, US can
significantly increase the yield of %OH, thereby improving the degradation efficiency and mineralization of
refractory organics. However, US also enhances the decomposition of ozone, thereby reducing the concentration
of O3 in water and impairing the efficiency of selective oxidation with O3 molecules.

1. Introduction

With rapid industrial development, a wide variety of organic com-
pounds, such as dyes, pesticides, pharmaceuticals and their inter-
mediates (phenols, substituted aromatics, etc.) are produced, used and
discharged into our environment [1]. Many organics are toxic, chemi-
cally and biologically stable and difficult to remove using conventional
treatments [2,3]. These harmful organics, which can occur and even
remain in our environment for several years, are thus named persistent
organic pollutants (POPs) [4,5].
Advanced oxidation processes (AOPs), which exploit highly reactive

and unselective oxidant species, such as the hydroxyl radical (%OH),
have been widely demonstrated to be efficient in the degradation and
mineralization of refractory pollutants [6–8]. Fenton's reagent for the
generation of %OH, and possibly others via hydrogen peroxide (H2O2) in
the presence of Fe2+, are known to be very effective in the destruction

of many hazardous organic pollutants in water [9,10]. The semi-
conductor photocatalytic process is another low-cost, environmentally
friendly and sustainable treatment technology [8]. Besides, electro-
chemical oxidation [11], wet-air oxidation [12], non-thermal plasma
[13,14], and combined technologies that use various AOPs [15] have
also been investigated for their oxidative decomposition of organic
contaminants in wastewater.
Ozonation (OZ) is a process that provides treatment with ozone

(O3), often as one of the traditional AOPs [15–20], while ultrasonica-
tion (US) has been quickly developing for the degradation of organic
pollutants since about 1990 [21,22]. Ozone is a powerful oxidant, be-
hind %OH, and more powerful than other common oxidants, such as
chlorine dioxide (ClO2), free chlorine (Cl2) and H2O2 [23]. Ozone has
been extensively used in the disinfection of water and for wastewater
treatment [24]. OZ can occur directly via molecular O3, or indirectly by
%OH formed in-situ in water. Ozone is an electrophile with high
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selectivity toward olefins (double bonds), activated aromatic systems
and non-protonated amines. In general, electron-donating groups (ac-
tivating groups, -NH2, -OH, etc.) enhance OZ, whereas electron-with-
drawing groups (deactivating groups, -NO2, -SO3H, -halogen, etc.) re-
duce the OZ rates [25,26]. Meanwhile, ozone molecules partly
decompose in water, leading to the formation of %OH, which easily
oxidizes even inert types of organics [26]. In particular, %OH is formed
upon the hydroxide-ion catalyzed decomposition of O3 under alkaline
conditions. Up to 0.55 mol of %OH can be produced from 1 mol O3 at pH
10.5 [16]. In addition, H2O2 is another catalyst for the decomposition of
O3, while O3 is not a catalyst for the decomposition of H2O2 [27].
In general, US is the act of sonochemistry applying sound energy to

process solutions, suspensions, and solid materials in liquids for various
applications, such as medicine, biochemistry, biomaterial, biofuels,
nanomaterial, organic and environmental chemistry, pharmaceutics
and food processing [28–30]. When the sound frequency used is over
20 kHz, sonication is also named ultrasonication. The terms sonication
and ultrasonication are often used indiscriminately as “sonication”.
Ultrasound causes high-energy chemistry and does so through the
process of acoustic cavitation: the formation, growth and implosive
collapse of bubbles in a liquid. During the cavitation collapse, intense
heating of the bubbles occurs. These localized hot spots have tem-
peratures of roughly 5000 °C, pressures of about 500 atmospheres and
lifetimes of a few microseconds [31,32]. Shock waves and microjets
from collapsing cavitation in liquid–solid slurries produce high-velocity
interparticle collisions, the impacts of which are sufficient to melt most
metals [28]. Ultrasound has also been used in the initiation and en-
hancement of degradation and catalytic reactions in both homogeneous
and heterogeneous cases [33–39].
Overall, ozone is a powerful oxidant that can directly oxidize un-

saturated organic compounds, especially with C = C double bonds in
water. Ozone is spontaneously converted into a more powerful un-
selective species in water, %OH. However, ozone is difficult to disperse
or dissolve into water, leading to lower gas–liquid mass transfer. US and
other mixing technologies, such as hydrodynamic cavitation, have thus
been extensively used to enhance OZ and reduce the contact time for
complete disinfection and degradation of hazardous contaminants in
effluents [40–45]. For example, the simultaneous treatment of US and
OZ reduced the sterilization dose of ozone by 50% and increased the
rate constant of the decolorization of rhodamine B (RB) by 55% [41]. It
was suggested that US promotes the mass transfer and formation of %OH
to cause higher OZ activity and higher O3 utilization [41,46]. Fig. 1
shows the reaction pathway of sonozonation (US/OZ).
In general, the degradation of organic pollutants follows pseudo-

first-order kinetics. The effects of some factors on the degradation ki-
netics have been demonstrated, almost without controversy. For ex-
ample, a higher O3 dose, gas flowrate, and O3 content favor the de-
gradation of organics [47–51], and the effect of the O3 dose on dye

decolorization was much greater than that of sonolysis density [52].
The rate constant decreases with increases in the initial concentration
of organics [52–55]. Increases in ultrasonic power significantly enhance
the destruction rate of different organic species [49,55–58], etc.
This review summarizes recent publications on the setups of US/OZ

and the synergism of US/OZ for the degradation of organic con-
taminants in aqueous solutions, as well as outlining critical issues, in-
cluding synergistic mechanisms, US-improved O3 mass transfer, US-
enhanced O3 decomposition and the formation of %OH, as well as de-
scribing the roles of pH and ultrasonic frequency on US/OZ processes.

2. Sonozonation setups

In earlier studies, ozone-saturated water (O3 solution) was used to
investigate the role of US on O3 decomposition, %OH and H2O2 forma-
tion, disinfection and organic degradation by O3 [53,55,59]. In general,
water was placed in a gas dispersion bottle and bubbled with O3-con-
taining gas at certain flowrates. Over recent decades, US batch reactors
have been widely used with the continuous bubbling of O3/O2 or O3/
air. The batch configuration of US/OZ setup depends on the structure of
the ultrasonic transducer, which usually includes an ultrasonic horn or
an ultrasonic bath. The ultrasonic horn or bath can also be connected
with a pump and pipes in series to configure a closed or open flow
system [60].

2.1. Sonozonation with the ultrasonic horn

Typically, US with an ultrasonic titanium horn (around 1–2 cm of
tip diameter) is often performed with a low frequency and high power
ultrasonic generator (20 kHz, 250–550 W). The horn transducer is
placed 1–3 cm into 180–1200 mL of solution. US can be processed in
pulses or continuously. The reactor was a doubled-wall glass chamber
equipped with cooling media [56], or a flask immersed in a water bath
to control the temperature, at room temperature, as shown in Fig. 2
[61]. If agitation is necessary, a magnetic stirrer provides the mixing of
the solution in the reactor. Ozone that originates from the O3 generator
with dry O2 is continuously bubbled into aqueous solution via a gas
diffuser. The flowrate of O3 gas is determined with a flowmeter. The O3
concentration in the gas is quite lower (0.6–2.0 wt%) monitored using
the iodometric method with a KI solution [54,60,62,63]. When the
reactor is a closed system, the ozone in the tail gas can be trapped by a
KI solution so that the O3 concentration in the tail gas can be detected
and the utilization efficiency of O3 can be evaluated [56].

2.2. Sonozonation with ultrasonic bath

A more common type of US/OZ setup adapts the ultrasonic bath (up
to 1200 mL at lab-scale). An ultrasonic transducer with a higher

Fig. 1. Reaction pathway of organic degradation by sonozonation.
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frequency (300–1141 kHz) and lower power (20–100 W) is located on
the bottom of the reactor equipped with a water jacket [48,64,65], as
shown in Fig. 3. The temperature of the reaction solution is controlled
by a cooling medium. The ultrasonic power intensity has been de-
termined to be below 2 W cm−2 in 150–800 mL of air-saturated dis-
tilled water by calorimetry [32,34,48,64,66]. Similarly, ozone gas is
continuously bubbled into the reactor by a gas diffuser.
Furthermore, several special configurations for US/OZ setup, based

on ultrasonic baths, have been developed further. For example, Yang
et al. have established a three-necked round flask reactor (1000 mL)
within an ultrasonic cleaner (50 kHz, 120 W). Ozone gas was in-
troduced into the bottom of the round flask via a neck [50]. With this
reactor, the degradation of phenol was carried out in 800 mL of aqu-
eous solutions with the chosen OZ and/or US.
Faryadi et al. have reported that a microreactor immersed within a

container (with a diameter of 9 cm and height of 11 cm) equipped with
a high-frequency ultrasonic transducer (1.7 MHz, 9.5 W) was used to
evaluate the effect of US on the micromixing and mass-transfer-rate
performance inside the microreactor [67]. The actual power dissipated
into the bulk liquid (in the container) and microchannel was 8.5 W and
4.45 × 10−4 W, respectively. The microreactor was made of glass tubes

with an inner diameter of 0.8 mm, and 15, 25 and 35 cm lengths. The
O3 stream from the O3 generator was introduced into channel A and the
RB solution was introduced into channel B by a peristaltic pump at
room temperature. The improved decolorization of the RB solutions
using the OZ/US combination in this microreactor in an ultrasonic bath
was examined and compared to the individual process.
Another example is an ultrasonic bath equipped with multiple ul-

trasonic fields [68]. Zhao et al. have reported a cuboid ultrasonic re-
actor with four walls mounted with four identical piezoelectric trans-
ducers (28 kHz). The total power input was controlled at 120 W either
individually or in various combinations of transducers, leading to
0.39 W cm−2 of power intensity and 38.5 W L−1 of power density in
any case. Using this reactor, the degradation of nitrobenzene (NB) in
aqueous solution by US/OZ was observed with the increasing amount of
ultrasonic transducers.

3. Synergistic effects of sonication and ozonation

The synergistic effect (SE) of the two factors is the most significant
feature and advantage of the joint process. This synergism in US/OZ
systems is principally caused by enhanced ozone dissolution, the excess

Fig. 2. The sonozonation set up with an ultrasonic horn, magnetic stirrer, O3 gas diffuser, and cooling water. Reprinted from ref. [61] Copyright (2006), with
permission from Elsevier.

Fig. 3. The sonozonation set up with an ultrasonic bath and cooling water. Reprinted from ref. [64] Copyright (2001) with permission from Elsevier.
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decomposition of O3 and enhanced in-situ formation of radical and
peroxide [64]. The SE has been defined as the optimal rate constant of a
combined system divided by the sum of rate constants of each in-
dependent system at optimal conditions, as shown in Eq. (1) [57,69]:

=
+

k
k k

SE US OZ

US OZ

/

(1)

where kUS/OZ, kUS and kOZ are the degradation rate constants of a pol-
lutant by US/OZ, US and OZ at optimal conditions, respectively.
A SE value over 1.0 indicates that the synergism of two factors ex-

ists. By contrast, antagonism appears if the SE value is below 1.0.

3.1. Degradation of volatile organic compounds in aqueous solution

Some volatile organic compounds (VOCs), such as carbon tetra-
chloride (CCl4), are inert to O3, but quite easy to degrade by sonolysis.
It has been demonstrated that the presence of O3 during the sonolysis of
CCl4 at 20 kHz failed to enhance the rate of CCl4 destruction [59].
However, methyl tert-butyl ether (MTBE) can be slowly oxidized by

OZ. The pseudo-first-order rate constants (kUS/OZ, kUS and kOZ) of MTBE
degradation by US (205 kHz, 200 W L−1), OZ (20 mM O3), and their
combination (US/OZ) are 0.0522, 0.0036, and 0.188 min−1, respec-
tively, and the corresponding SE value was calculated to be 3.37 [53].
The degradation of MTBE was greatly accelerated in the US/OZ system.
It was speculated that US enhanced mass transfer and O3 decomposi-
tion; which allows the formation of more %OH. Meanwhile, Kang and
Hoffmann have suggested that the major reaction site for MTBE with %

OH is in the vapor phase of the cavitation bubbles and within the super-
hot interfacial region between the vapor and surrounding liquid phases,
but not in the bulk aqueous phase [53].
Likewise, Lifka and Ondruschka have reported the similar synergism

of US/OZ toward the degradation of MTBE, ethyl tertiary butyl ether
(ETBE) and tertiary amyl methyl ether (TAME). The SE values, 2.1 for
TAME, 2.0 for MTBE and 1.5 for ETBE, were attained in an US/OZ
system (1 L of 0.1 mM solutions, 850 kHz, 50 W, bubbling with 1.5 wt%
O3 at 2 L h−1 for 60 min at 20 °C) [54]. Also, Park et al. have reported
that the calculated SE values of US/OZ toward the degradation of di-
chloroacetonitrile (DCAN) were 2.56 and 2.15 at 35 and 283 kHz, re-
spectively [57]. This remarkable synergism was also suggested to be
attributed to the thermal decomposition of O3 in the collapse of cavi-
tation bubbles, and the resulting formation of %OH and H2O2 by US/OZ
[57].
Furthermore, ozone can directly oxidize unsaturated compounds,

such as benzene and cyclohexene. As compared with the SE values for
the degradation of MTBE, ETBE and TAME, a relatively lower SE value
(1.16) toward the degradation of benzene was observed in an 850 kHz
US/OZ system [54]. Due to the existence of C]C double bonds in al-
kene, cyclohexene reacts with O3 more rapidly [68,70]. Weavers and
Hoffmann reported that the value of kUS, kOZ, and kUS/OZ of 2.5 mM
cyclohexene degradation in aqueous solutions by US (20 kHz,
263 W L−1), OZ (20 mL min−1 of 0.66 wt% O3 gas), and their com-
bination (US/OZ) is 0.134, 0.057, and 0.204 min−1, respectively, in an
open ultrasonic reactor [60]. Thus, the SE value is calculated to be 1.07,
suggesting the presence of very slight synergy between US and OZ to-
ward cyclohexene degradation. By contrast, kUS, kOZ and kUS/OZ were
observed to be 0.050, 0.019, and 0.065 min−1 in a 500 kHz closed
reactor, and the SE value was 0.94, suggesting antagonism exists be-
tween US and OZ. It can be speculated that US promotes the decom-
position of O3 and diminishes the direct OZ of cyclohexene at 500 kHz
US.
As discussed above, SE is dependent on the physicochemical prop-

erties of VOCs such as volatility, hydrophobicity, and especially re-
activity with O3. The degradation rate constants of various VOCs by US,
OZ, US/OZ, and the SE values observed in previous studies have been
summarized in Table 1, and the corresponding reaction conditions are
shown in the references. The correlation between SE and kOZ as being

well established is shown in Fig. 4. It appears that an optimal range of
kOZ (2.53 × 10−3−6.40 × 10−3 min−1) exists, and that leads to
higher SE values (2.00–5.17). It suggests that the synergism of US/OZ
can occur as VOCs are reactive to O3 at proper degrees. No or very
slight synergism, even antagonism was attained for inert or very highly
reactive VOCs, such as CCl4 or cyclohexene to O3.

3.2. Degradation of semi-volatile organic compounds in aqueous solution

In general, the direct pyrolysis of semi-volatile (SVOCs) or non-vo-
latile organic compounds, such as phenols and organic acids, is difficult
to attain during the collapse of cavitation bubbles, and the sonolytic
degradation of SVOCs is mainly attributed to the oxidation by %OH
formed in the implosive cavities, and within the super-hot interfacial
region between the cavities and surrounding liquid phases. Therefore,
the sonolytic degradation rate of SVOCs is relatively slow compared
with VOCs. He et al. have reported the degradation of succinic acid in
aqueous solutions by US, OZ and US/OZ under alkaline conditions in
separate experiments [51]. The typical results are illustrated in Fig. 5.
As shown in Fig. 5, the sonolytic degradation of succinic acid is very

slow, while OZ is quite fast due to oxidation by the %OH formed under
alkaline conditions, rather than by molecular O3 [71]. As a result, the
pseudo-first-order rate constants were 0.0009, 0.0073 and
0.0180 min−1 for US, OZ and US/OZ treatment, respectively [51]. The
SE value was thus calculated to be 2.20. Therefore, the major pathway
of succinic-acid degradation by US/OZ was most likely due to the ad-
ditional %OH formed from the decomposition of O3 with US under al-
kaline conditions.
By contrast, phenols can react with both molecular O3 (Electrophilic

reactions) and %OH radicals [25]. The reaction of pentachlorophenol
(PCP) with O3 was enhanced by audible-frequency sonication under
alkaline conditions since the first-order rate constant of PCP degrada-
tion by the coupling method (2 L, 0.43 kHz, and 165 W L−1) is more
than 15 times higher than that with bubbling O3 alone, while H2O2 was
not generated and PCP was not degraded by audible-frequency soni-
cation alone [72]. It indicates that the audible-frequency sonication
greatly enhanced the mass transfer, dissolution of O3 and %OH forma-
tion in aqueous solution. Under acidic conditions, O3 auto-decomposi-
tion to produce %OH is suppressed [73]. Barbier and Pétrier have re-
ported that the pathway of the rapid degradation of 4-nitrophenol (4-
NP) is a selective fast reaction with molecular O3 by OZ alone at pH 2,
while the coupling of US/OZ inhibits the degradation of 4-NP at 20 kHz
by consuming a significant fraction of the O3 transferred to solution in
the cavitation bubbles [74]. However, the degradation of 4-NP in the
500 kHz US/OZ system was faster than those under 20 kHz US/OZ and
OZ alone. This indicates that more %OH was formed at 500 kHz and that
both molecular O3 and the produced %OH accelerated the degradation
rate together. By contrast, Weavers et al. have illustrated the synergism
of US/OZ for the degradation of 4-NP, NB, and 4-chlorophenol (4-CP) at
pH 2.4 in a 20 kHz system, while antagonism appeared in a 500 kHz
system [75]. Nowadays, the combination of US/OZ has been ex-
tensively applied to the degradation of dyes, since O3 is of special in-
terest to decolorization. In general, the degradation of dyes by US alone
can be neglected, compared with the degradation by OZ, while the
remarkable synergistic effects of US/OZ have been mostly observed. For
example, a SE value of 1.97 for C.I reactive black 5 (RB5) [64] and 1.42
for reactive red X-3B [69] have been attained. However, C.I. basic red 9
(pararosaniline) and malachite green are important exceptions [76,77],
which were rapidly oxidized by molecular O3 due to the existence of
C]C bond, leading to the antagonism of US/OZ, with an SE value
of< 1.0, or very slight enhancement under acidic conditions. This
further suggests that US can enhance the decomposition of O3, by re-
ducing O3 concentration and diminishing the direct reaction with mo-
lecular O3 in the solutions.
Similarly to the VOCs discussed above, the SE of US/OZ for the

degradation of SVOCs is dependent on the physicochemical properties

Z. Wu, et al. Ultrasonics - Sonochemistry 68 (2020) 105195

4



of the SVOCs and, especially, reactivity with O3. Various correlations
between SE and kOZ have been established for low and high ultrasonic
frequency systems under acidic conditions, respectively, as shown in
Fig. 6.
Fig. 6 shows that the antagonism or very slight synergism of US/OZ

was attained for the degradation of most SVOCs, except for RB5 in high
frequency (300–520 kHz) systems. In general, both weaker mechanical
turbulence and the rapid decomposition of O3 caused by the high-fre-
quency US diminish the reaction of SVOCs with molecular O3, whereas
more %OH formed at high frequencies is favorable to mineralization. In
low-frequency systems, however, stronger mechanical turbulence en-
hances the mass transfer and dissolution of O3 in aqueous solutions.
Remarkable US/OZ synergism was thus observed for the degradation of
most SVOCs, except for compounds with C]C bonds, such as malachite
green.

3.3. Mineralization of organic contaminants

The intermediates formed during the oxidation may be more
harmful than the precursor compounds. The mineralization efficiency,
namely, the removal efficiency of total organic carbon (TOC) is one
practical means of estimating the overall process [64]. Vinodgopal et al.
reported that 60% mineralization was achieved during the sonolysis of
33 μM RB5 in 6 h at 640 kHz and 240 W and the only remaining de-
gradation product was oxalate, suggesting that RB5 was converted via
sonochemical oxidation to stable and environmentally acceptable forms
at 60% of the mineralization [80]. As a comparison, Ince and Tezcanlί
reported that the removal efficiency of TOC during the oxidative de-
gradation of 600 mL of 20 μM RB5 in 60 min by US (520 kHz,
1.63 W cm−2), OZ (50 L h−1) and their combined process of US/OZ was

Table 1
Summary of the degradation rate constants of VOCs by US, OZ and US/OZ in previous studies.

VOCs CO3,l or DO3 pH FUS (kHz) kUS (10−3 min−1) kOZ (10−3 min−1) kUS/OZ (10−3 min−1) SE Ref.

19.5 µM CCl4 a a 20 234.00 0.00 234.00 1.00 [59]
195 µM CCl4 a a 20 198.00 0.00 198.00 1.00 [59]
1.0 mM MTBE 0.26 mM 8.3 205 24.60 0.40 37.80 1.51 [55]
1.0 mM MTBE 0.23 mM 8.3 358 41.00 0.40 74.00 1.79 [55]
45.5 µM DCAN 3.7 g h−1 6.2 35 0.81 2.53 8.48 2.54 [57]
45.5 µM DCAN 3.7 g h−1 6.2 283 1.41 2.53 8.43 2.14 [57]
10 µM MTBE 0.30 mM 8.3 205 51.00 3.60 199.00 3.64 [55]
10 µM MTBE 0.20 mM 8.3 358 99.00 3.60 530.00 5.17 [55]
250 µM MTBE 0.31 mM 6.7 205 41.4 3.60 89.4 1.99 [53]
100 µM MTBE 39 mg h−1, b 7̴.0 850 5.70 4.40 20.10 2.00 [54]
100 µM TAME 39 mg h−1, b 7̴.0 850 5.70 6.40 25.10 2.10 [54]
100 µM ETBE 39 mg h−1, b 7̴.0 850 7.80 13.60 31.10 1.50 [54]
2.5 mM CH 10 mg h−1, c 2.0 500 50.00 19.00 65.00 0.94 [60]
8.0 µM BZ 39 mg h−1, b 7̴.0 850 8.20 46.20 63.00 1.16 [54]
2.5 mM CH 10 mg h−1, c 2.0 20 134.00 57.00 204.00 1.07 [60]

Note: CO3,l (mM) is the ozone concentration in solutions; DO3 (mg h−1 or g h−1) is the ozone input dose; FUS is the ultrasonic frequency; CH: cyclohexene; BZ: benzene.
a Ozone-saturated water was used to dilute 140 mL of an Ar-saturated CCl4 solution to 250 mL; b 1.5 wt% of ozone content in 2 L h−1 of O3/O2 mixing gas; c 0.66 wt%
of ozone content in 1.2 L h−1 of O3/O2 mixing gas.

Fig. 4. The correlation between SE and kOZ for VOCs. (Data adopted from the
references [53–55,57,59,60]).

Fig. 5. Comparison of succinic acid degradation in aqueous solution by US, OZ
(O3) and US/OZ (US/O3). Conditions: C0 100 mg L−1; pH 10.0; ozone dose
4.5 g h−1; US frequency 20 kHz; US power density 44 W L−1; temperature
25 °C. Reprinted from ref. [51] Copyright (2001) with permission from Elsevier.

Fig. 6. The correlation between SE and kOZ for SVOCs in terms of ultrasonic
frequency. (Data adopted from the references [47,48,56,58,64,69,
74,75,77,78,79]).
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2, 50 and 76%, respectively [64]. Accordingly, OZ alone is much more
effective than US alone for achieving mineralization, while the syner-
gies induced by the combination of US/OZ enhance the mineralization
efficiency. To reach similar mineralization, thus the treatment time can
be significantly shortened by the US/OZ process. Similarly, Gültekin
and Ince also compared the mineralization efficiency during the oxi-
dative degradation of 100 mL of 30 μM acid orange 7 (AO7) and acid
orange 8 (AO8) in 60 min by US (300 kHz, 25 W), OZ (180 L h−1) and
their combined process of US/OZ. As a result, the mineralization by US
alone is negligible, while the mineralization by OZ is more efficient, but
not sufficient. The combination of US/OZ can significantly enhance the
dye mineralization. The synergy may be attributed not only to more %

OH generation and increased O3 mass transfer, but also to the formation
of secondary oxidative species (e.g. %O2− and %O2H), which may oxidize
the recalcitrant byproducts [48]. Likewise, He et al. reported the TOC
removal efficiencies during the degradation of C.I. reactive yellow 84
(RY84) by US, OZ, and US/OZ in aqueous solutions [51]. The value of
kUS, kOZ, and kUS/OZ of 95 mg L−1 TOC reduction was observed to be
1.7 × 10−3, 1.1 × 10−2 and 1.5 × 10−2 min−1, respectively, during
the degradation of 500 mg L−1 RY84 at pH 10 for 60 min by US/OZ
(20 kHz, 44 W L−1, 4.5 g O3 h−1). The SE value was 1.18, indicating
that the US/OZ combination is more efficient for TOC removal than US
or OZ alone.
Olson and Barbier have demonstrated the role of %OH in TOC re-

moval during the oxidation of natural organic matter (NOM) by US/OZ
[81]. 91% TOC was removed from a 10 mg L−1 fulvic acid solution for
60 min with US/OZ (20 kHz, 55 W) and 87% of the original carbon was
removed as CO2(g). With OZ alone, however, only 40% of the TOC was
removed and only 28% of the original carbon was mineralized. When
the US/OZ process was applied to a high-color groundwater sample,
containing 2.8 mg L−1 TOC and 35 mg L−1 bicarbonate, TOC removal
was completely inhibited. After the pretreatment of the groundwater
sample to remove carbonate species, however, 90% of the TOC was
removed in 40 min [81]. Thus all the examples indicate the critical role
of %OH in the reaction pathway in US/OZ systems.
Furthermore, the toxicity of solutions decreased significantly with

continuous mineralization by US/OZ treatment. EC50 value reached to
67% with a higher mineralization efficiency (45%) after US/OZ treat-
ment in 90 min from 14% of initial EC50 of an amoxicillin solution
(high toxicity), while EC50 value was achieved 11% by US alone and
14% with by OZ alone, respectively, indicating that US is not capable to
obtain effective oxidation and the newly formed intermediate com-
pounds increase the toxicity. In contrast, the US/OZ treated effluents
contain fewer intermediate products due to higher mineralization;
which can easily be interpreted as less toxic compounds released in the
environment [65].
In addition, the removal efficiency of COD is also used to indicate

the degree of mineralization. Wang et al. reported the mineralization of
120 mL of 400 mg L−1 tetracycline by US (20 kHz, 142.8 W L−1), OZ
(CO3,g = 45.6 mg L−1, Qg = 35 L h−1) and the combined US/OZ [49].
Consequently, US slightly affects the COD removal, while 76% and 91%
of COD removals are achieved by OZ alone and US/OZ, respectively. It
demonstrates the existence of synergism between US and OZ for the
mineralization of tetracycline. Yang et al. reported the degradation of
1679 mg/L phenol, corresponding to 4000 mg/L COD, in 800 mL
aqueous solutions by US (50 kHz, 120 W), OZ (100 L h−1) and their
combination of US/OZ [50]. Due to the lower yield of %OH formed
during phenol degradation by US alone, COD reduction is negligible.
However, 29.2% and 36.5% COD removal are achieved using OZ alone
and US/OZ in 60 min, respectively. Furthermore, 75.7% and 79.8% of
COD removal are achieved using OZ alone and US/OZ in 300 min, re-
spectively. The pseudo-first-order rate constants of COD degradation
were 4.8 × 10−3 and 5.4 × 10−3 min−1, as observed for OZ and US/
OZ, respectively. Besides, the removal of COD increased with increased
pH value in the pH range of 4–12, and reached the maximum value
(79.2%) for 240 min at pH 11. n-Butanol has frequently been used as an

%OH scavenger to determine the role of %OH in pollutant degradation.
Therefore, 250 mg of n-butanol was added to 800 mL of the above
reaction system, leading to reduced COD removal (71.3%), all other
things being equal. Therefore, it can be confirmed that %OH plays a
critical role in the removal of COD during phenol degradation in aqu-
eous solutions within US/OZ systems.

4. Effect of sonication on mass transfer of ozone

The enhancement that US can provide to OZ efficiency is generally
attributed to two physicochemical mechanisms: (1) decomposition of
O3 by US causes increased free-radical activity; (2) simultaneous US
treatment enhances the liquid phase volumetric mass transfer coeffi-
cient (KLa). Both mechanisms improve O3 transfer between gas and
liquid, as well as the utilization of O3 [41].
The dissolved ozone concentration (CO3) in water is influenced by

various parameters, such as temperature, pH, gas flowrate, O3 partial
pressure, mixing mode and speed, etc.
[82]. CO3 at a time (t) is usually dependent on the KLa value and the

equilibrium ozone concentration (C*O3), while C*O3 is dependent on
Henry's law constant (KH), at a given temperature (T, °C), and the O3
concentration (CO3, g, mg L−1) in the gas leaving the reactor. The
equations are given as follows [41,83]:

=dC
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Mass transfer thus depends on the KLa value, on the concentration of
saturation, and on the decomposition of O3 (or reaction rate) [41].
Weavers and Hoffmann have demonstrated the sonolytic degradation of
O3 and enhancement of mass transfer by 20 and 500 kHz US in both
closed and open continuous-flow systems [60]. It was reported that the
KLa values (ca. 0.28–0.41 min−1) under 20 kHz US were much greater
than those (ca.0.05–0.10 min−1) in the 500 kHz reactor over the power
density range studied. At 20 kHz, the enhancement of US was suggested
include the partial contribution of the turbulence induced by acoustic
streaming. Meanwhile, the KLa values increased rapidly with US power
density at both 20 kHz and 500 kHz. More importantly, the sono-
chemical degradation of O3 reduced the aqueous O3 concentration
below the saturation value in the ultrasonic reactor, allowing more O3
to diffuse into the solution.
Zhao et al. have also verified the decrease of residual ozone con-

centration with identical O3 input in multiple-ultrasonic fields [68].
The maximum O3 concentration decreased from 0.82 mg L−1 under OZ
alone to 0.75, 0.70, 0.59, and 0.50 mg L−1 with 1–4 pieces of ultrasonic
transducers at identical total US power, respectively, and the US time to
reach the maximum O3 concentration was sequentially reduced from
30 min to 25, 20, 15, and 10 min. Thus the maximum KLa value by US/
OZ reached 0.43 min−1 with 4 pieces of ultrasonic transducers com-
pared to 0.20 min−1 by OZ alone.
Lall et al. have used Karman indigo tests to determine the O3 con-

centration in solution and the KLa value of O3 at 20 kHz at various US
power densities (40, 80, and 120 W L−1) [56]. An increase in the KLa
value and the corresponding increase in the apparent rate constants of
dye degradation were achieved at higher ultrasonic powers. At the
maximum ultrasonic power input for dye degradation, the ratio kUS/OZ/
kOZ increased by 204%, whereas the ratio KLa(US/OZ)/KLa(OZ) increased
by 90%, implying that the improving mass transfer of O3 contributed
partly to the dye degradation, but other factors such as the involvement
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of radical species also contribute. Moreover, Weavers and Hoffmann
found that the KLa value increases linearly with flowrate in a 500 kHz
reactor at 50.3 W L−1 US power density, while the KLa value rises ra-
pidly and reaches an apparent saturation value in a 20 kHz reactor at
263 W L−1 [60]. Furthermore, increasing the flowrate leads to a larger
net surface area for the mass transfer of O3 to the solution.
Over the past decade, the microreaction technology has been ap-

plied to mass transfer-limited gas–liquid reactions thanks to process
miniaturization [84–86]. Faryadi et al. have demonstrated that US can
still enhance the mass transfer significantly, even within a microreactor
[67]. In 15 cm microchannel, KLa values of 6.47 and 7.382 min−1 were
achieved at O3 gas flowrates of 10 or 40 mL min−1 under US, as
compared to KLa values of 3.38 and 4.1 min−1 without US.
In summary, US not only increases turbulence but also decreases

saturated O3 concentration in aqueous solutions, which increases the
rate of O3 mass transfer to solutions.

5. Sonochemical enhancement of ozone decomposition and
hydroxyl-radical formation.

Ozone can be spontaneously decomposed by hydroxide ions and
converted into %OH in water, in particular, under alkaline conditions
(Reaction (1) and (2)) [16,53,63,87]. Therefore, ozone decomposes
rapidly at a pH above 7, while the rate is rather slow at pH = 2. Barbier
and Pétrier reported that the first-order rate constant of O3 decom-
position is 0.038 min−1 [74]. In addition, the rate of O3 self-decom-
position, in the pH range above 8, was expressed as –d[O3]/
dt = 374 × [O3][OH−]0.88 [88].

O3 + OH− → HO2% + %O2− (1)

O2− + O3 + H+ → %OH + 2 O2 (2)

Ozone can undergo extremely rapid decomposition in water under
US [46,53]. The sonochemical enhancement of O3 decomposition is
attributed to O3 pyrolysis in the cavitation bubble or at the bubble in-
terface, but does not occur significantly in bulk solution with US, and is
not modified by the production of H2O2 [74,81]. Investigating the
change in concentration of O3, H2O2, and %OH in aqueous solutions can
provide direct evidence. Whereas, the enhancement of O3 decomposi-
tion and %OH formation can also be indirectly demonstrated by the
increasing removal efficiency of TOC under US, as well as the effects of
%OH scavengers.

5.1. Decomposition of ozone

The sonolytic decomposition of O3 and the formation of %OH have
been expressed as the following reactions [53,69,74]:

O3 → O2 + O(3p) (3)

O3 + O(3p) → 2O2 (4)

H2O + O(3p) → 2%OH (5)

Reactions (3)–(5) occur preferably in the implosive cavities. The
active species formed migrate to the gas–liquid interface of cavities and
transfer into the bulk water [54]. A comparison of the O3 decomposi-
tion kinetics in a batch reactor without and with 20 kHz US demon-
strated that the observed first-order rate constant for O3 decomposition
dramatically increased from 0.032 min−1 without US, to 0.207 min−1

with US [41]. In a flow system, ozone was introduced into distilled
water in a closed chamber to a steady-state, and then the O3 con-
centration in the effluent was determined to be 3.51 ppm with the
continuous US for 15 min, compared to 9.82 ppm without US [41].
Weavers and Hoffmann have also demonstrated the rapid decomposi-
tion of 245 μM O3 at pH = 2, leading to ca. 60 μM O3 after 3 min US in
a 500 kHz closed-system sonication reactor (96 W L−1) [60].
Hart and Henglein have reported that 628 µM O3 was sonicated at

300 kHz in 37.5 mL of an 0.1 N HClO4 aqueous solution, and that the O3
concentration rapidly decreased to 40 µM after 3 min US [46]. More-
over, the rate of 1 mM O3 decomposition in 10 s was detected to be
about 3 mM min−1, and the decomposition rate increased with O3
concentration in aqueous solutions. The complete decomposition of the
O3 content of a pulsating gas bubble occurred with O2 or Ar, while H2O2
formation takes place with greater efficiency in O3-Ar bubbles where
higher temperatures are produced in the acoustic compression phase
[46].

5.2. Formation of hydroxyl radicals and hydrogen peroxide

The US/OZ combination is an effective oxidation system since one
molecule of O3 results in two %OH, based on reactions (1)–(5) [54].
Hydrogen peroxide is the main product from the water sonolysis and O3
decomposition [74].
DMPO (5,5-dimethyl-1-pyrroline N-oxide) is generally used as the

spin trap to obtain the stable DMPO–OH spin adduct and the technique
of spin trapping EPR (electron paramagnetic resonance) has been ap-
plied for the qualitative identification and quantitative measurement of
%OH. Zhao et al. have found the existence of %OH at pH 6.9 with
120 mM DMPO in OZ and US/OZ systems [68]. The concentration of %

OH that formed in water was detected to be 8 μM with OZ alone for
30 min bubbling, compared to 48 μM within an optimal US/OZ system.
Moreover, the relationship between the rate constant of NB degradation
(kNB) and the rate constant of %OH formation (k%OH) was well established
in the above system (reaction conditions: temperature 298 K; initial pH
6.85; initial NB concentration 50 μg L−1; total applied O3 1.2 mg L−1;
US frequency 20 kHz and power density 38.5 W L−1; initial DMPO
concentration 120 mM; reaction time: 30 min) [68].
Guo et al. have reported that 2 mM terephthalic acid was used to

trap %OH in US, OZ and US/OZ systems and the production from radical
reactions was quantified by fluorescence measurement [78]. In 20 kHz
US, OZ and US/OZ systems, 0.07, 13.5 and 15.2 µM %OH was achieved
at pH 5, respectively, while the concentrations of %OH were 0.11, 17.0
and 18.1 µM at pH 7, relative to 0.15, 20.2 and 21.1 µM %OH at pH 9,
respectively. Consequently, US promotes the formation of %OH in US/
OZ systems regardless of pH conditions, and a higher %OH yield was
achieved at pH 9.
Under acidic conditions, the formation of H2O2 by OZ alone is

generally negligible, whereas molecular O3 is regarded as the major
oxidation species. An increase in H2O2 formation was observed when
pure water was sonicated during continuous OZ, and the rate constant
of H2O2 formation (kH2O2) reached 0.19 min−1 in the US/OZ system,
compared to 0.016 min−1 with OZ alone. However, the kH2O2 in the
US/OZ system is lower than that (0.31 min−1) with US alone [48]. It
can be speculated that the H2O2 produced in situ reacts with O3 in the
US/OZ system (Reaction (11)–(13)) [63,87]. By contrast, the kH2O2 in
the US/OZ system was found to be 0.27 min−1 in the presence of dye,
since dye reacted with molecular O3 to some degree to reduce the
consumption of H2O2.
For pH < 5

H2O2 + O3 → %OH + HO2% + O2 (11)

For 5 < pH < 8,

H2O2 → HO2− + H+ (12)

O3 + HO2− → %OH + %O2− + O2 (13)

5.3. Indirect evidence for the formation of hydroxyl radicals

Evidence for the presence of %OH in the reaction pathway can be
indirectly demonstrated when the degradation rate of organic pollu-
tants significantly decreases upon the addition of an %OH scavenger.
NOM and certain inorganic species in natural waters are potential
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competitive reactants for %OH. To verify the impact of NOM on sono-
lytic degradation, Kang et al. have reported the degradation of 0.01 mM
MTBE in 500 mL aqueous solutions by 358 kHz, 100 W L−1 US in the
absence and presence of 2.1 and 4.2 mg L−1 NOM [55]. The results
showed that the effect of NOM on the MTBE decomposition rate ap-
pears to be negligible, suggesting that the major reaction site for MTBE
with %OH is in the vapor phase of the cavitation bubble and not in the
bulk aqueous phase 4% calcium carbonate, used as an %OH scavenger,
has been shown to significantly inhibit the decolorization rate of re-
active blue 19 (RB19) by 20 kHz US/OZ in aqueous solutions [56]. The
rate constant of 100 mg L−1 dye decreased from 0.234 min−1 without
the %OH scavenger to 0.120 min−1 with %OH scavenger. At a dye con-
centration of 60 mg L−1, the rate constant decreased from 0.204 min−1,
without the %OH scavenger, to 0.162 min−1 with the %OH scavenger.
This indicates that %OH played a critical role in the degradation of dye
RB19 by US/OZ. Alcohols, such as tert-butyl alcohol (TBA), are also
common %OH scavengers. Wang et al. have found that the presence of
5–15 mM TBA inhibited the degradation of 400 mg L−1 tetracycline at
pH 7 under US/OZ (20 kHz, 142.8 W L−1) [49]. The rate constant of
tetracycline degradation decreased to 0.42 min−1 with 15 mM TBA,
compared to 0.84 min−1 without the addition of TBA. This indicates
that %OH plays an important role in the degradation of tetracycline
under US/OZ.
When OZ is dominated by direct oxidation with molecular O3,

however, the degradation of organics is accelerated with carbonate.
Zhang et al. have indicated that AO7 mainly undergoes a direct reaction
with molecular O3 rather than radical reaction by US/OZ at 20 kHz.
Therefore, the decolorization rate increased with the sodium-carbonate-
to-dye molar ratio [89]. Other %OH scavengers, such as alkalinity and
humic acid, have also been demonstrated to decrease the degradation
rate of amoxicillin in aqueous solution. The pseudo-first-order rate
constants at pH 10 under 575 kHz, 14.6 W L−1 US in the absence and
presence of 5 mg L−1 humic acid, 20.5 mg L−1 alkalinity, or both were
determined to be 0.040, 0.027, 0.024 and 0.022 min−1, respectively
[65]. Due to a large amount of %OH formed under alkaline conditions,
however, the addition of alkalinity, humic acid or both did not give any
significant decrease in the removal rate of amoxicillin under OZ and
US/OZ.

6. Effect of pH value on the degradation of organics by
sonozonation

The pH value is a critical factor that affects O3 decomposition and %

OH formation in OZ and US/OZ systems. When degradation tends to-
wards reaction with %OH, degradation is faster under alkaline condi-
tions. By contrast, degradation is faster under acidic conditions when
the pollutant favors the reaction with molecular O3.

6.1. Preferential degradation under alkaline conditions

Phenol can be directly ozonated with molecular O3 under acidic
conditions, but can also be indirectly oxidized by %OH formed in situ.
The kUS/OZ values of 2.5 mM phenol in 100 mL aqueous solutions with a
300 kHz US/OZ system reached 2.21 × 10−2, 2.90 × 10−2 and
3.26 × 10−2 min−1 in 90 min at pH 2, 5.6 and 10, respectively, in-
dicating that the alkaline condition favors the oxidative degradation of
phenol with more %OH [47]. Moreover, kUS/OZ (3.26 × 10−2 min−1) at
pH 10 was much larger than the sum of the individual kUS and kOZ

(2.85 × 10−2 min−1), showing that the combination of US/OZ caused
synergism under alkaline conditions. By contrast, kUS/OZ

(2.21 × 10−2 min−1) at pH 2 was less than the sum of the individual
kUS and kOZ (3.21 × 10−2 min−1), showing that the direct oxidation of
phenol with molecular O3 was reduced by the O3 decomposition that
occurs under 300 kHz US.
For the degradation of antibiotics in 250 mL aqueous solutions, the

kOZ values of 25 mg L−1 amoxicillin reached 0.064, 0.321 and

1.97 min−1 at pH 3, 7 and 10, respectively, indicating that the alkaline
condition also favors the oxidative degradation of amoxicillin [65].
Moreover, over 99% amoxicillin removal was achieved after 10 min of
OZ under neutral conditions, while 30 min OZ was not sufficient to
removal amoxicillin molecules under acidic conditions. At pH 10, US/
OZ (575 kHz, 14.6 W L−1) coupling gave the highest rate constant kUS/

OZ of 2.5 min−1, which is higher than the sum under the individual OZ
or US protocols. Also, the effect of pH on the removal of 400 mg L−1

tetracycline in 120 mL solutions under 20 kHz, 142.8 W L−1 pulse US/
OZ was investigated [49]. The kUS/OZ value reached 0.34, 0.52, 0.77
and 1.27 min−1 at pH 3, 5, 7 and 9, respectively. The alkaline condition
favors the degradation of tetracycline within US/OZ system.
Turning to the decolorization of dyes, Song et al. have reported the

decolorization and degradation of C.I. direct red 23 (DR23) using US/
OZ [52]. The kUS/OZ of 100 mg L−1 DR23 in 500 mL aqueous solutions
was 2.2, 3.1, 3.7, 2.7 and 2.4 min−1 for 3 min at pH 4.0, 6.0, 8.0, 10.0,
and 12.0 by US/OZ (20 kHz, 176 W L−1), respectively. The optimum
pH value for the reaction was 8.0, and both lower and higher pH
conditions decreased the removal rate. Shen et al. have reported that
the optimal SE value of US/OZ system for the degradation of reactive
red X-3B (X3B) was 1.42, and 99.2% removal of 100 mg·L−1 X3B in 1 L
aqueous solution was achieved in 6 min at pH 6.52 by US/OZ (40 kHz,
200 W·L−1) [69]. Moreover, the decolorization efficiencies were 57.6%,
63.4% and 90.7% at pH 1, 5 and 10 after 2 min reaction, respectively,
increasing the pseudo-first-order rate constant with increasing pH
value. This indicates that the radical reaction is the dominant pathway
for the degradation of X3B.
For the mineralization of organics, Yang et al. have illustrated the

effect of pH value on COD removal during the degradation of phenol at
the high concentration by US/OZ (50 kHz, 120 W) [50]. The removal
efficiency of COD was 69.2%, 75.9%, 79.2%, and 78.0% at pH 4.0, 8.0,
11.0, and 12.0 for 240 min, respectively. The most effective removal of
COD was obtained at pH 11.0. This suggests that the formation of %OH
is accelerated via O3 decomposition under alkaline conditions, which
enhances phenol degradation and COD removal. For the TOC removal
during the degradation of RY84 in aqueous solutions, the kUS/OZ of TOC
was respectively 4.3 × 10−3, 6.4 × 10−3, 9.0 × 10−3, 1.3 × 10−2,
1.5 × 10−2, and 1.1 × 10−2 at pH 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 by
US/OZ, all other things being equal. The highest kUS/OZ of TOC was
obtained at pH 10.0 [51].

6.2. Preferential degradation under acidic conditions

Zeng and McKinley investigated the effect of audible frequency
(0.43 kHz, 165 W L−1) sonication on PCP degradation in 2 L of aqueous
ozone solutions [72]. An inevitable consequence of higher initial pH 12
is the rapid decomposition of O3, leading to a lower PCP degradation
efficiency than at pH 7.5. This implies that PCP degradation most likely
follows a direct pathway involving reactions with molecular ozone,
while reactions with the formed %OH is a minor pathway of OZ or US/
OZ. Audible-frequency sonication caused strong turbulence, enhancing
both O3 dissolution and PCP degradation by OZ.
Ozone has a strong affinity for fumaric acid (FA), which can rapidly

be ozonated due to the presence of a C = C bond. At pH 5, however, the
ratio of kOZ,FA/kOZ,SMX was only 0.60, suggesting that molecular O3 has
a stronger affinity for sulfamethoxazole (SMX) than for FA [78]. To
reveal the roles of US in SMX removal, 100 mg L−1 SMX solutions were
processed under 20 kHz US, OZ and US/OZ [78]. At pH 5, an US/OZ SE
value of 1.26 was achieved, suggesting that US can improve the mass
transfer and dissolution of O3 under acidic conditions and that the re-
action of SMX with molecular O3 is the predominant degradation
pathway. At pH 7 and pH 9, however, SE values of only 1.07 and 1.06
were achieved, respectively, indicating that the degradation of SMX
was diminished by O3 decomposition under alkaline conditions, while
the radical reaction played a partial role in the degradation.
Faryadi et al. have investigated the effect of pH on the removal
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efficiency of 65 mg L−1 RB in a 25-cm microchannel located in a
1.7 MHz US bath [67]. The flowrates of the O3 and RB solutions were
25 and 6 mL min−1, respectively. An increase in pH from 3 to 10 re-
sulted in a decrease in the removal of RB in both modes. These re-
ductions in the efficiency are from 67.4% to 59.4% for the microreactor
with US and from 64.5% to 55.7% for the plain microreactor without
US.

6.3. Slight effect of pH on the degradation

In earlier studies, Carrière et al. have used OZ to decolorize simu-
lated wastewater containing a bisazo acid dye (acid red 158), and the
decolorization rate of reaction was not sensitive to pH value [90].
Teramoto et al. have studied the effect of pH on the decolorization of
naphthol yellow (NY) in the 3.17–9.12 range, but the decolorization
rate was almost independent of the pH employed [88]. Moreover, pH
had no effect on the rates of oxidation of CN−, CNO− and some dyes,
such as methylene blue, indigo carmine blue and methanyl yellow. The
presence of C]C, N]N or conjugated π-system in the dyes means that
the rate of decomposition of these compounds by O3 is much faster than
that of the decomposition of O3 by OH−.
Lall et al. have observed the effect of pH values on the decoloriza-

tion of 100 mg L−1 RB19 by OZ at 5.5 and 11 [56]. The kOZ at both pH
values of 5.5 and 11 was determined to be 0.18 min−1. For US/OZ
(20 kHz, 120 W L−1), both kUS/OZ for the pH values of 5.5 and 11 were
determined to be 0.24 min−1. At higher pH, the degradation rate of the
dye was not increased by radical reaction due to enhanced trapping
effects. Moreover, the carbonate ion is a prevalent species and the rate
constant for the reaction of %OH with the carbonate ion is approxi-
mately 20 times greater than that for the reaction with the bicarbonate
ion. Hence, the prevalence of the carbonate ion at the higher pH can
significantly limit the reactive efficiency of the dye under OZ and US/
OZ.

7. Effect of ultrasonic frequency

7.1. On the decomposition of ozone

When aqueous O3 solutions are sonicated, ozone disappears rapidly
and more H2O2 is produced. In US/OZ systems, ultrasonic frequency
first influences the decomposition of O3, and the formation of OH and
H2O2. Barbier & Pétrier have indicated that the rate of the initial de-
composition of O3 in a 300 mL solution with the same ultrasonic power
was higher at 20 kHz than at 500 kHz at pH 2, but that more H2O2 was
formed at the higher frequency [74]. The kUS/OZ values for
0.172–0.158 µM O3 decomposition were 0.29 and 0.17 min−1 and the
initial rates of H2O2 formation were 3.0 and 5.2 µM min−1 at 20 and
500 kHz, respectively. It can be speculated that the contribution of %OH
formed by the sonolysis of H2O is higher at 500 kHz than at 20 kHz.
These results are consistent with the investigation that used high initial
O3 concentrations (85–245 µM) performed by Weavers & Hoffmann, in
which the kUS/OZ value for 245 µM O3 decomposition was 0.84 and
0.66 min−1 at 20 and 500 kHz, respectively. This means that the mass
transfer coefficient, kLa, was higher at 20 kHz than at 500 kHz [60]. In
addition, kUS/OZ increased with increased ultrasonic power density at
20 and 500 kHz.
Kang et al. have observed the relative effects of frequency

(205–1078 kHz) on the O3 decomposition rate during the sonication of
aqueous solutions containing 0.14–0.15 mM O3 and 1.0 mM bicarbo-
nate at pH 8.25 and 100 W L−1 of ultrasonic power density [55]. The
highest and lowest first-order rate constants for O3 sonolytic degrada-
tion were found to be at the lowest (205 kHz) and highest ultrasonic
frequencies (1078 kHz), respectively, while the measured rates at the
other frequencies were nearly the same.

7.2. On the formation of hydrogen peroxide

Hydrogen peroxide production was used as a direct indicator of the
presence of free radicals, which can be produced by the sonolysis of
water and O3 decomposition in the US/OZ system. The %OH re-
combination reaction should be the major route for H2O2 formation.
In an earlier study, Barbier and Pétrier found that the degradation of

4-NP and TOC at low pH values using US/OZ was better at 500 kHz
than at 20 kHz [74]. This effect is correlated to the higher yields of
H2O2 formed under irradiation at the higher frequency, and hence to
the higher rate of %OH escaping from the cavitation bubble. The H2O2
formation rate observed at high frequency is approximately 3.3 times
greater than at low frequency [74]. It was demonstrated that the larger,
170 µm bubble formed at 20 kHz results in a longer collapse time of
10 μs, than that the smaller bubble of 4.6 µm that has very short col-
lapse time of 0.4 μs at 500 kHz [91]. The transient species produced,
therefore, have enough time to recombine inside the hot bubble. This
recombination restores water, therefore decreasing the efficiency of the
process [92,93]. Ultrasonic frequency thus plays a key role in the effi-
ciency of O3 utilization. The faster 4-NP mineralization rate at 500 kHz
results from the enhanced O3 utilization occurring at the high fre-
quency.
Identical sonolytic H2O2 production rates (i.e., 3.5 × 10−4 mM

min−1) have been achieved in O2-saturated solutions and Ar-saturated
solutions at 205 kHz at a power density of 240 W L−1 [55]. The H2O2
production rate is approximately twice as high at 240 W L−1 than at
100 W L−1 and is highest at 358 kHz and lowest at 1078 kHz. The
iodine formation rate may be related to the %OH production rate by a
stoichiometric factor of 2. The optimum frequency for I2 (I3−) pro-
duction from I− oxidation by H2O2 is between 358 and 618 kHz at
84 W L−1 [55].
Hua and Hoffmann have reported that the H2O2 production rate

increased with increasing frequency for 20, 40, 80 and 500 kHz.
However, the H2O2 production rate is the lowest at the highest applied
ultrasonic frequency of 1078 kHz [94]. Park et al. have evaluated the
effect of frequency on O3 concentration under OZ and US/OZ using 35
and 283 kHz at 20 W L−1 and pH 6.2. The effluent O3 concentration
under OZ was constant during the reaction, while the O3 concentration
under US/OZ decreased to about 5–30% of the initial ozone con-
centration. This means that additional O3 decomposition under US/OZ
can occur for the generation of %OH. In particular, the difference in the
concentrations of H2O2 and the effluent ozone at 35 kHz was larger
than that at 283 kHz. This is the reason why the synergistic effect at
35 kHz was larger than that at 283 kHz [57].

7.3. On the degradation of organics

Pétrier and Francony have reported that the sonolysis of phenol has
an optimal rate constant at 200 kHz, rather than at 20, 500, and
800 kHz at the same power density [55,95,96]. Furthermore, Weavers
et al. have investigated the effect of frequency (20 and 500 kHz) on the
degradation of 20 and 60 μM PCP by US, and high frequency (500 kHz)
favors the degradation of PCP [79].
Kang et al. have studied the effect of ultrasonic frequency on the

degradation of 0.5 mM MTBE using US/OZ over the frequency range of
205–1078 kHz at 100 W L−1. The highest overall reaction rates are
observed at 358 and 618 kHz, and then at 205 and 1078 kHz [55].
Likewise, Park et al. have evaluated the effect of frequency on the de-
gradation of DCAN under US and US/OZ over the range of 35, 170, 283,
450 and 935 kHz [57]. Of the five frequencies, 35 and 283 kHz were the
best conditions for degradation. The DCAN degradation rate constant
under US was higher at 283 kHz than at 35 kHz. By contrast, the de-
gradation rate constants under US/OZ were higher at 35 kHz than at
283 kHz and 9.5–20 W L−1. The SE values of US/OZ were 2.56 and 2.15
at 35 and 283 kHz, respectively, and were the most significant of those
related to the five frequencies.
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Kidak and Doğan have recently reported the effect of frequency on
the degradation of 25 mg L−1 amoxicillin solutions at constant power
density (14.6 W L−1) [65]. The pseudo-first-order rate constants of
degradation were 0.030, 0.010 and 0.009 min−1 at pH 7, and 0.040,
0.020 and 0.014 min−1 at pH 10 at 575, 861 and 1141 kHz, respec-
tively. It is clear that 575 kHz and pH 10 favor the degradation. Over
99% amoxicillin removal was achieved at pH 10 at 575 kHz frequency
after 90 min. The removal rate of amoxicillin by OZ was 50 times faster
than that of US. Moreover, the US/OZ coupling gave rise to a rate
constant of 2.5 min−1.
Mineralization during the degradation of 4-NP in 250 mL aqueous

solutions under OZ and US/OZ occurs via non-selective %OH attack on
the organic compounds. At low pH (pH = 2), the rate of TOC removal
under OZ alone was much lower than under US/OZ (20 kHz).
Moreover, substrate mineralization at 500 kHz was 1.8 times faster than
at 20 kHz and the same ultrasonic power (30 W) for the same O3
consumption [74].
In conclusion, the synergism of US/OZ originates from the en-

hancement that US provides to the decomposition and dissolution of O3,
which further improves the mass transfer of O3 between gas and liquid,
increasing the production of %OH. This effect is favorable for the de-
gradation of refractory pollutants and their mineralization. However,
the direct OZ of olefins and unsaturated aromatics is suppressed to
some extent. We suggest that ozone efficiency, energy efficiency, and
material efficiency are studied and compared in the future so that the
combined technology can be conveniently compared with other stra-
tegies and converted to industrial applications.
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